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Abstract. We point out that the spectrum and interactions of
light states of the heterotic string indicate a string scale close to
the GUT scale, and a mass generating scale for the gravitation-
ally interacting states around 109GeV if these states contribute
a large fraction to dark matter.
The apparent discrepancy between the amount of energy that may exist
in the form of baryons and the amount of energy that is needed for structure
formation and to explain observations of gravitational lensing and peculiar
flows of large scale structures constitutes one of the most exciting scientific
puzzles at the turn of the century. The clarification of the amount and
composition of the dark matter in the universe calls for the joint efforts
of astronomers, astrophysicists, relativists and particle physicists, and has
implications for our understanding of physics both at the largest and the
smallest scales.
The success of standard Big Bang nucleosynthesis and a lower bound
on the Hubble parameter H0 = 100h
km
s·Mpc ≥ 50 kms·Mpc together with ob-
servational constraints on Helium and Deuterium abundances put a strong
constraint ΩB ≤ 0.024h−2 < 0.1 on the baryonic energy density [1], and
the survey of baryonic matter by Fukugita, Hogan and Peebles [2] implies
ΩB ≤ 0.0276h−1 + 0.0093h−1.5 ≤ 0.082. On the other hand, estimates
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from galaxy clusters [3], intracluster gas fractions [4], strong gravitational
lensing [5] and peculiar velocities of galaxies [6] all indicate that there must
be more energy in matter than can be stored in baryons: A conservative
lower bound is ΩM ≥ 0.15. Numerical investigations of structure evolution
caution us that galaxy clusters may not directly trace the mass distribu-
tion and that observed peculiar velocity fields may agree with cosmological
models for a wide range of matter energy densities [7], but they also show
that non-baryonic cold dark matter is an indispensable ingredient in form-
ing the observed structure in the universe: Pressureless matter must have
dominated the energy density of the universe well before baryon–radiation
equality for the density contrast to have evolved into the non-linear regime.
For a critical and thorough recent survey of the evidence for dark matter
see [8].
Particle physics scenarios for non-baryonic dark matter can roughly be
classified into bottom–up or top–down approaches, starting either from
minimal extensions of the standard model or from promising Ansa¨tze for
particle physics at the Planck scale. Supersymmetric extensions of the
standard model containing a lightest supersymmetric particle by R–parity
or inclusion of an anomalous U(1)–symmetry implying existence of a weakly
coupled pseudoscalar axion provide interesting examples for the bottom–up
approach.
For top–down approaches to dark matter and physics beyond the stan-
dard model the heterotic string of Gross, Harvey, Martinec and Rohm still
provides an interesting starting point because it makes definite predictions
about the spectrum of excitations and symmetries below but close to the
quantum gravity scale [9, 10] . Even in the framework of M–theory the het-
erotic string provides an inevitable step towards low energy phenomenology
[11], and if we are willing to accept the extrapolation of supersymmetric
β functions over thirteen orders of magnitude on the energy scale weakly
coupled heterotic string theory still provides a compelling scenario for GUT
scale physics including gravity.
Another interesting approach employs minimal SUGRA unified models
[12]. These models can be motivated independently from string theory, but
they are also clearly relevant for supersymmetric dark matter in the visible
sector of the heterotic string, and in particular for the problem whether
there is an LSP contribution. Besides an LSP, superheavy particles may
also contribute if mass bounds are avoided through non-thermal creation
at the end of inflation [13]. Benakli, Ellis and Nanopoulos implemented
this mechanism in a string model where it yields superheavy bound states
in the hidden sector [14].
In the sequel we provide estimates on two scales that arise in heterotic
string theory due to the large number and interactions of light helicity
states: The fact that the majority of states interacts strongly enough to
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be thermalized already at high scales indicates that a radiation dominated
heat bath emerges at the string scale. As a consequence, this scale turns
out to be close to the GUT scale, well below the Planck scale. Furthermore,
apart from the graviton those states which interact only with gravitational
strength have to acquire mass terms. One can give an upper bound on the
temperature where these mass terms arise from the requirement that the
universe is open or flat.
In explaining these points we will rely on the following assumptions: All
states in the theory arise from excitations of fundamental closed strings,
and in describing physics near and below the GUT scale we may neglect
the massive string excitations which are separated by a mass gap of order
mPl = (8piGN )
−1/2 = 2.4× 1018GeV. Furthermore, no Kaluza–Klein scale
is taken into account: Space-time is assumed to be four-dimensional below
the string scale.
In the original formulation internal symmetries are constrained to gauge
groups SO(32) or E8 ×E8, and in the sequel the phenomenologically more
interesting E8 × E8 theory is preferred. However, a qualification to be
kept in mind concerns the possibility to change the world sheet degrees of
freedom in a way which maintains mathematical consistency of the theory,
see [15] and references there. This can enlarge the rank of the gauge group
and change the ratio of states with or without gauge interactions.
In the E8×E8 theory the spectrum of massless or light degrees of free-
dom at high energies comprises 8064 helicity states1 with the following
multiplet structure:
(1, 1) 1 graviton, 1 gravitino, 1 axion, 1 dilaton, 1 axino/dilatino,
12 vectors, 36 scalars, 30 Weyl fermions.
(248, 1) 248 E8–gluons and 248 E8–gluinos in one multiplet,
744 complex scalars and 744 Weyl fermions in 3 multiplets.
(1, 248) as above.
Depending on the starting point for the formulation of a four–
dimensional effective action the determinant of 21 of the 36 real scalars
in the (1, 1) sector besides the string dilaton couples like a Kaluza–Klein
dilaton, and a particular combination of the remaining 15 isoscalar scalars
couples like a further axion2.
Superficially, the number of 8064 helicity states of the E8 × E8 het-
erotic string seems very large compared to the 120–126 helicity states of
1 Each fermionic helicity state is counted twice corresponding to two real on-shell
degrees of freedom per helicity state.
2 In the approach to four–dimensional supersymmetric low energy models through
Calabi–Yau manifolds the symmetry between the two E8 sectors is broken by hand by
embedding an SU(3) spin connection in one E8, thus breaking the gauge group to E6×E8
and eliminating 32 helicity states.
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the standard model including gravity, and occasionally this is referred to
as an “embarrassment of riches”. However, if one thinks about it more
thoroughly the number of light states predicted by the heterotic string is
surprisingly small: It implies that “on average” we will have to increase
the energy by more than 109GeV to encounter one new degree of freedom!
The spectrum and gauge symmetries of the light states allow us to infer
cosmologically relevant features of the heterotic string independent from
the details of the four–dimensional effective action: A gauge coupling of
order αG ≃ 0.04 at the GUT scale implies that all the states in adjoint
E8 multiplets are coupled strongly enough to constitute a thermalized heat
bath, and since these states originate as massless states in string theory
it is safe to say that this heat bath is radiation dominated. The heat
bath in fact corresponds to two components interacting only weakly with
gravitational strength. However, due to the symmetry of the two E8 sectors
it seems reasonable to expect that temperature differences between both
sectors can be neglected. Immersed in the heat bath there are 128 helicity
states with only gravitational strength couplings, and these are certainly
too weakly coupled to be thermalized, yet they come massless. Therefore,
we expect that below but close to the scale where the finite extension of
strings must be taken into account the energy density can be described by
a mixture of a stiff fluid with dispersion relation pφ = ρφ and dominating
radiation with pressure pγ = ργ/3. Due to its large pressure a stiff fluid
does a lot of work during the expansion of the universe and its energy
density drops with the scale parameter R according to ρφ ∼ R−6.
In a mixture of radiation and a stiff fluid the comoving time t is related
to the scale parameter according to
2√
3mPl
ρ0γ(t− t0) = x
√
x2ρ0γ + ρ0φ −
√
ρ0γ + ρ0φ
− ρ0φ√
ρ0γ
ln
(x√ρ0γ +√x2ρ0γ + ρ0φ√
ρ0γ +
√
ρ0γ + ρ0φ
)
,
where ρ0γ and ρ0φ denote the energy densities in radiation and decoupled
massless states at the fiducial time t0, and x = R/R0 = R(t)/R(t0).
However, in order not to generate new long range forces at the present
epoch the massless helicity states in the gravitational sector besides the
graviton must have acquired mass terms, and then the energy density in
these states decays slower than the surrounding heat bath: ρφ ∼ R−3.
This behaviour is independent from thermalization and implies that the
generation of mass terms could not happen too early without contradicting
the widely accepted upper bound ρ ≤ ρk=0 ≃ 81h2meV4 on the present
energy density. On the other hand, the very weak coupling and the slow
decay of these states make them ideal candidates for cold dark matter in
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the universe, and we can estimate the transition temperature Tc under the
following provisos [16]:
– The massive states emerging from the gravitational sector of the heterotic
string generate a large CDM contribution to the present energy density.
– Discontinuities in ρφ during the transition can be neglected.
– Radiative modes which become massive decay efficiently enough to keep
the product g∗T
4 approximately continuous. This concerns most of the
modes, many of which must acquire mass terms already close to the string
scale3.
Figure 1. Transition from a stiff fluid to CDM.
Denoting by η = ργ(Ts)/ρφ(Ts) the ratio of energy densities at the
string scale Ts and by ξ = ρφ(Tr)/ργ(Tr) the ratio of energy densities at
baryon–radiation equality we find:
Tc = (ηξTrT
2
s )
1/3. (1)
3 If all but the helicity states of the minimal supersymmetric standard model would
acquire masses at a single scale, and if the massive modes would release their energy
instantaneously through decay or conversion into the remaining light degrees of freedom,
this would result in a temperature increase by a factor 2.
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Before employing this formula to estimate Tc we stress that the large
number of thermalized helicity states corresponding to g∗ = 7440 implies
a string scale Ts in coincidence with estimates of the GUT scale from
extrapolations of supersymmetric β functions: In the usual approximation
of an ideal gas the energy density in the thermalized states is
ργ =
3m2Pl
4t2
=
pi2
30
g∗T
4.
If we now require that the typical wavelength does not exceed the horizon
or the age of the universe we find a maximal temperature
T ≤ Ts =
√
45
2g∗
mPl
pi
≃ 4× 1016GeV.
Beyond this temperature a particle description makes no sense and a
reasonable guess is to identify this temperature with the scale where a
string description must take over. However, we will consider the range
4 × 1016GeV ≤ Ts ≤ mPl = 2.4 × 1018GeV in (1). For η ≃ 60
(equipartition at the string scale), ξ ≃ 10 and Tr ≃ 0.3eV we then find
7× 108GeV ≤ Tc ≤ 1× 1010GeV. It is also of interest to estimate the mass
scale emerging at Tc: Since the typical coupling scale for the gravitational
states is mPl we expect masses
m ≃ Tc
2
mPl
in the range between 200MeV and 40GeV.
The emergence of massive states of only gravitational coupling strength
is a generic possibility in string theory, and this is a matter of concern for
dark matter searches: We cannot exclude the possibility that a considerable
fraction of dark matter couples to ordinary matter so weakly that we may
notice it only through large scale gravitational effects, but not in dedicated
particle physics experiments.
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